Introduction
Drive units of modern aircrafts and helicopters require good monitoring systems and effective diagnostic methods. In aircrafts' power units, the velocity of a main shaft changes significantly (more than twice), depending on true air velocity. Therefore, it is very important to diagnose the technical condition of bearing supports and the geometry of the compressor shaft in relation to the turbine shaft. However, in helicopters, the crucial problem is the strong, dynamic impact of blades (natural vibrations, aerodynamic forces' impact due to overlapping of forward RESEARCH WORKS OF AFIT Issue 37, pp. 25÷44, 2015 10.1515/afit-2015-0024 velocity on the rotational velocity) on the power transmission system. It should be added that while in the aircraft, the phenomenon of formation of lift and changes in the value of this force (at least in a small change in altitude) almost does not affect the drive unit, in the helicopter this impact is large. During climb or change of the direction of the helicopter's flight, the dynamics of impact on multiple nodes of the drive unit increases. The dependence of the opposite perspective is also observed -if the mechanical elements of the drive undergo wear beyond norms, abnormal vibrations of an airframe, disturbing aerodynamics of flight or the deterioration of control precision may occur.
So far, in diagnostic measurements of aircraft drive units, including the transmissions of helicopters, the following measurements were used: a) vibro-acoustic, b) inclusions in lubricating oil, c) temperature fields, d) rotating velocity and displacement of rotating parts (e.g. compressor blades) using electromagnetic sensors.
All these methods require mounting of additional sensors. However, the proposed FAM-C diagnostic method uses a permanent on-board power generator as a diagnostic transmitter.
Dynamics of the helicopter Mi-24's transmission parts' wear and tear
On the destructive wear and tear of the gearbox if the Mi-24 helicopter as a result of the impact of upper bearing of the WR-24 transmission and the possibility of early recognition of this phenomenon, the author already wrote in [2, 10] . With the increase of the level of this bearing tribological wear and tear, the frequency of modulatings of the main shaft's angular velocity emitted in the direction of the tail rotor, and, therefore, the gearbox increases. At a certain level of tribological wear and tear of the main bearing, such frequency reaches a level equal to the rotational velocity of the gearbox. Then, it is possible to synchronously induce the modulatings of these input rotational velocities, and, hence, the formation of a single, well-defined angular position of the dynamic surpluses and associated additional stresses on gearings. The gearbox itself is a generator of mechanical, self-excited vibrations of positive feedback [2] . Synchronous excitation of the input rotational velocity and the said dynamic surpluses may cause undercutting of a gear pair in a well-defined angular position. To prove this hypothesis, subsequent pieces of a puzzle, starting from the worn upper bearing of the WR-24 and ending on the broken off gear-tooth of the gearbox, should be traced (Fig. 1) .
The main shaft is subject to an unbalanced torque due to the imbalance of the helicopter rotor in its upper part [11] , and, at the bottom, there is no significant moment of inertia. Therefore, all dynamic impacts of bearing blades as well as a shield and a control head is transferred by the upper main shaft bearing. This bearing's construction is semi-open and placed in an upper cap of the casing of the WR-24 transmission, because of which it may be exposed to humidity and dust penetration. It further complicates the operation process. The bearing transfers most of the forces related to the imbalanced bearing blades and the impact of the swash plate. This is the only bearing that supports the main shaft of the helicopter rotor from the side bearing blades. Its damage may cause incalculable consequences, including the disaster. Therefore, the need of its monitoring is obvious. Traditional methods, for example, vibro-acoustic ones, seem to be little effective due to: a) considerable thickness of the transmission body and damping of material structure (a cast made of a so-called electron); therefore, the body may intensively dampen acoustic vibrations and signals from the depths of the upper bearing, b) neighbourhood of mechanical nodes of exceptionally high levels of vibration and sound intensity.
In relation to these relationships, the FAM-C method seems to be the only alternative monitoring method. Fig. 1 . Distribution of transmission elements between the engine and the power generator on the Mi-24 helicopter: 1 -the TW3-117MT drive motor, 2 -a mechanical fan, 3 -the WR-24 main transmission, 4, 5, 7 -power transmission shaft, 6 -gearbox, type 24-1512-000 (generators' gearbox), 8 -the left GT-40PCz6 power generator (behind it, the right GT-40PCz6 power generator it attached to the same generators' gearbox), 9 -an intermediate transmission, 10 -a back transmission, 11 -a tail rotor In papers [2, 10, 11] , possibilities of detection of a damaged upper helicopter rotor shaft bearing of the Mi-24 helicopter with the FAM-C methods, thanks to the observation of the spot frequency of voltage received from the on-board power generator in a function of time f i = f(t), were described. Counting the number of oscillations in time intervals corresponding to one complete shaft rotation, the current value of rotation ratio, i.e. the quotient of the angular velocity of a bearing retainer in relation to the main shaft's angular velocity, can be read. From the calculations of geometry of this bearing, in accordance with the model derived in [12] , the rated power of this factor (p sN = 0,355) [10] can be calculated. Thanks to that, according to the spot frequency, we can preliminarily assess, whether the upper bearing works properly [10, 11] . In this way, the damaged roller bearing was detected on the Mi-24 helicopter no. 584 (a negative pattern), which was confirmed by its verification (after dismantling).
In this development, the authors propose another analysis of the results described in [2, 10, 11] . This time, not on the basis of the observation of the course of f i = f(t), but on the basis of the parameters characteristic sets of ΔF = f(f (p) ). The analysis included the characteristic sets derived from the same original source, as described in [2, 10, 11] . Information obtained from the analysis of the parameters of the characteristic sets provide much more diagnostic information than the spot frequencies' sets. Each characteristic set reproduces the motion dynamics of another mechanical component. Thanks to illustration of the ΔF = f(f p ), we can observe the state of wear and tear of multiple components at the same time on one plane of rectangular coordinates [14, 15] . After another analysis of the parameters of the characteristic sets, it can be concluded that, between the main shaft bearing and the gearbox, mechanical resonance occurred [2, 10, 11] . Its detection, thanks to the analysis of the fi = f(t) would be practically impossible. This resonance manifested itself with the decrease in the amount of the characteristic set of the upper bearing and separation into two subsets: A 21 and A 22 (figs. 2 and 3, tabs. 1 and 2) [13] . For comparison, for the positive pattern ( fig. 3) , the analogical set receives much higher values (tab. 1 and 2). Similar relationships associated with the resonant state were observed for the roller bearing of a certain engine on the TS-11 Iskra aircraft [13] . The verification conducted then proved the existence of a long mechanical resonance, manifesting as the so-called false brinellings. Such brinellings are the clear evidence of radial, internal resonance of the roller bearing. At the same time, for such bearings, the author was observing (during operation of the turbine engine) the increasing relative amount of sets obtained with FDM-A method (relative amount of the characteristic set -the quotient of the amount of the characteristic set A=│{∆F i } max │+ │{∆F i } min │to its width, i.e. the width of the frequency band occupied by this characteristic set
The amount of the Also increased the value of the Q factor of the characteristic sets
where:
Δf poj -width of the bandwidth of the characteristic set of a given bearing no. j.
However, from the point of view of operational and tribological problems of the main shaft bearing of the TS-11 Iskra, their work is of a nature different from the main rotor bearing in the WR-24 transmission. In the SO-3 engine of the TS-11 Iskra aircraft, the rotational velocity is incomparably greater (n = 7000÷15600 rev/min) than in the low-speed main transmission upper bearing of the Mi-24 helicopter, where the rotational velocity is n = 240 rev/min). Therefore, the rolling bearings of the main shaft of the SO-3 engine's problem is so-called underload of a bearing [13, 14, 9, 19] , while in the upper bearing of the WR-24 transmission is its overload. Thus, the mechanical Q factor's values (obtained with the FAM-C method) for the bearing of TS-11 Iskra were much higher (only achievement of the Q factor ≥ 10 qualified the bearing for replacement, and the engine -for decommissioning). The upper bearing of the WR-24 transmission supports the main shaft loaded with massive inertia moment of the main rotor. In relation to the above fact, the characteristic set of the bearing has reduced (suppressed) average frequency, and the Q factor value qualifying the bearing for replacement (decommissioning the transmission) is estimated at the level of Q = 4 (Tab. 1). Differences in the values of the inertia moments of the two bearings' constructions are significant (TS-11 Iskra and Mi-24). In the case of the Mi-24, the resonance of the upper bearing did not cause the introduction of synchronised vibrations of neighbouring mechanical nodes. In Fig. 2 , it can be seen that only one characteristic set A 2 for the negative pattern (Mi-24 no. 584) is broken down into two subsets (A 21 and A 22 ) of the significant Q factor value. The effect of the bearing's overload is flakings ( fig. 4, detail 6 ). They are caused by, probably, resonance of a similar mechanism, as described in [13] , involving, among others, radial reflections from the on the rolling elements of bearing tracks. Rolling elements, hitting synchronously in the same places of the track, cause damages to the surface, which are called false brinellings. It seems, however, that there is also other mechanism of flackings; formation -due to the low value of the rotational velocity, very high contact pressures of the rolling element on the inner track, and relatively low stiffness of this track -the surface ripples as described in [3] may be formed. Apart from the upper bearing, the FAM-C method allows monitoring a number of other components of the WR-24 transmission (figs. 3 and 4). It can be preliminarily assumed that, for the Mi-24 helicopter, the amounts of the characteristic sets should be measured: 1) A 1 for f P1 = 2÷5 Hz, 2) A 2 for f P2 = 5÷25Hz, 3) A 3 for f P3 = 39÷45 Hz, 4) A 4 for f P4 = 49÷60 Hz, During the tests, the pilot was setting different rated velocities of the main shaft. As a result, it was proposed to introduce the concept of a standardised velocity -according to the formula: For the single-phase measurement configuration of the GT-40PCz6 generator power terminals, the nominal (carrier) frequency is f NG1f = 400 Hz. For a threephase measurement configuration, the nominal (carrier) frequency is f NG3f = 1200 Hz. Using the pilot exciter of the GT-40PCz6 generator power terminals, the nominal (carrier) frequency is f NG1fw = 800 Hz; for a three-phase measurement configuration, the nominal (carrier) frequency is f NG3fw = 2400 Hz.
Using the formula (3), the position of kinematic frequency of the set characteristic with deviation of the helicopter's main engines velocity from the rated velocity. This will facilitate the identification of the particular characteristic set with specific mechanical components.
At the same time, the following interpretation of the basic frequencies of particular characteristic sets can be preliminarily adopted Bandwidth of this characteristic set B = Δf P and the characteristic frequency f PN allows the calculation of the Q factor of the Q set, which allow the metric assessment of the degree of resonance risk. The Q≥10 value, according to the literature [20] and practical experiences for turbojet engines of the TS-11 Iskra aircraft [12, 14, 15, 3, 17, 6] , disqualifies the bearing; usually, during the approach (in function of fight time) to the resonant state of the bearing, there occurs reduction in the amount of its characteristic set, division into two separate sets, and increase in the values of the Q value [12, 14, 15] . 3) A 3 for f P3 = 39÷45 Hz -nominal frequency of the output shaft (the first harmonic of the shaft's rotational velocity) of the generators' gearbox (gearboxes type 24-1512-000); nominal frequency of this shaft is f PN3 = 43 Hz. Keep in mind that, when changing rotational velocity of the engine, the characteristic set will move, i.e. f P3 will move in relation to the f PN3 . Therefore, it is appropriate to follow the change of the nominal frequency of the GT-40PCz6 generator-transmitter -if it, for single-phase measurement, decreases by, for example, 10% compared to 400 Hz, the value of f P3 will move in relation to the f PN3 also by 10%; the increased value of the amount of the characteristic set may indicate an increased radial clearance or beating the output shaft. 4) A 4 for f P4 =49÷60 Hz -the nominal frequency (the first harmonic of the shaft's rotational velocity) of the input shaft of the generator's gearbox (gearboxes type 24-1512-000); nominal frequency of this shaft is f PN3 = 54 Hz. The increased value of the amount of the characteristic set may indicate an increased radial clearance or beating the input shaft of the gearbox type 24-1512-000. It can be seen that the nominal frequency of the SNA input shaft is equal to the natural frequency of the significantly worn upper bearing of the WR-24 transmission (see p. 2, where f p = 51.1 Hz) -there is a possibility of spatial resonance [2, 6, 1, 16 ].
Some of the described characteristic sets concerns the SNA, i.e. the gearbox type 24-1512-000 (the generators' gearbox). Therefore, its construction should be briefly discussed. In addition, certain elements of the WR-24 transmission, as will wear, come into resonance with worn components of the drive boxes [10] .
Diagnosis of generators' gearboxes of the Mi-24
In the previous section, the generators' gearbox (formally known as the gearbox -SNA) was regarded as one of the many elements transmitting rotary motion from the WR-24 main transmission to the generator-transmitter GT40PCz6. The continuity of transmission of the angular velocity from the monitored bearing of the WR-24 transmission to the generator-transmitter.
Single-phase measurement of the output voltage (115 V, 400 Hz) of the GT-40PCz6 power generator was used. Resolution of the FAM-C's measurement based on the measurement configuration is limited to relatively low mechanical primary frequencies. It is "perfect" for monitoring low-speed bearings (e.g. the main bearing, where n = 4 rev/min, 16 rolling elements), but very insufficient to assess the size of the size (assumed to be small, up to 0.03÷0.05 of the gear module value) of gear clearances or observation of high-speed bearings.
In these considerations, the generators' gearbox will be seen as a noncontinuous mechanical model, in which, among others, gear clearances of the gearbox will be observed. To facilitate this, the author used triple-phase configuration in the FAM-C measurement, while connecting the so-called pilot exciter (of a nominal frequency of 800 Hz) to the internal voltage of the GT-40PCz6 power generator. In this way, double increase in resolution of angular movement of the mechanical components is obtained. 5 shows the construction of the generators' gearbox of the Mi-24 helicopter. The input power is fed to the Z66 gear. From there, the power flow takes place through gears Z35, two power generators TG-40PCz6, and towards the tail rotor drive. Analysing the diagram, it may be noticed that the power input takes place from the main WR-24 transmission. Z66 is an active gear driving the wheels symmetrically two passive gears Z35 and is also supported by them at the same time. However, on the power output, there is no such symmetrical support -the gear Z70 is supported on one side by the gear Z31. Therefore, if, in the bearing mounting ( fig. 5 ) of the gear Z70's axis, there occur radial clearances, they will cause undamped radial movements of this axis. Mutual radial movements of the rotation of the gear Z31's axis in relation to the rotation of the gear Z70's axis will translate into oscillations of the angular velocity of the tail rotor. Transmission of mechanical power between the gears Z31 and Z70 takes place periodically with some overcapacities. It may also result in increased rate of tribological wear the pair of gears Z31 and Z70. It also increases the probability of breakage of the kinematic bonds between the gears Z31 and Z70.
Repulsive forces between the gears Z31 and Z70 cause angular fluctuations of both rotation axes. The cross-threaded shaft causes a special forces arrangement on the drive shaft of this power generator. Such an interaction is shown in fig. 6, and its effects on fig. 7 . To confirm this concept of wear and tear, measurements of the module split of drive shaft splines of the GT-40PCz6 power generator. Fig. 8 shows the planes (A-A, B-B , C-C) of performance of these measurements. Prolonged work of gears, at the periodic angular movements, causes material losses at the edges of the buttress of the GT-40PCz6 power generator's shaft splines ( fig. 9 ). Fig. 6 . Profile of the connection of the power generator shaft in the drive sleeve at crossthread by angle β: DN -inner diameter of the gear sleeve of the, dpr -diameter of the driven subsystem shaft, e.g. power generator -connection point of the geartooth of the power generator shaft with the edge of the gear-tooth of the drivethe arrow indicated the direction of this point's movement, i.e. concentration of abrasive forces on the edge of splines' connection
On the polar chart of the wear and tear of the surface of the spline shaft buttress of the GT-40PCz6 no. 1 power generator of the Mi-24 helicopter ( fig. 9) , the material consumption of the surface of the spline's gears buttress can be noticed. The chart illustrates the conical shape of material losses of splines -the diameter of the A-A polar line is clearly smaller than the rest of the lines. Such a way of wear and tear of the surfaces of the buttress indicates the planes of cross thread of the drive sleeve of the power generator in relation to the axial symmetry of the power generator shaft and simultaneous eccentric movement of the axial symmetry of the connection's elements. Such a situation occurs only in case of wear and . 6 ).
In the case of a surveillance of the generators' gearbox of the Mi-24 helicopter, it is important to early signal increased cross-thread of the drive shaft of the power generator in relation to the drive sleeve. The early detection of the formation of excessive gear clearances between the gears Z31 and Z70. The loss of the kinematic bond between these gears threatens with stoppage of the tail rotor's work. The result is, usually, rotation of the entire body of the helicopter around the vertical axis in the direction opposite to the direction of rotation of the main rotor. If the time of the rotor's stoppage is long enough, usually, it ends up with the helicopter's crash, and at less advanced wear and tear -the difficulty with maintaining the course of flight. Fig. 10 shows the course of the spot frequency retrieved from the measurement, which was conducted on the GT40PCz6 generators' gearbox with the FAM-C method. The courses indicates the material consumption of certain segments of the gears in the generators' gearbox. The excessive assembly clearance between gears causes dynamic surpluses, leading to gears' breaking off ( fig. 11) . 
Conclusion
The FAM-C method, based on theTTM idea, using on-board power generators as diagnostic transmitters, is a cheap, comprehensive, easy to automate, diagnostic method of monitoring the drive system of the helicopter. The power generator transmits diagnostic signals into bandwidth of the relatively high frequencies, and these signals obtain significant resistance to any kinds of interferences. Thanks to the development of the method of control over the bandwidth of the observability of mechanical processes ("a visibility window") of the power generator [14] , we can observe almost all of the kinematic bonds of the drive system of a given helicopter. With this method, the technical condition of the main bearing and the gears of the gearbox of two Mi-24 helicopters was observed. While observing vibrations of the upper bearing of the main transmission of the Mi-24 helicopter, it was stated that when a characteristic set of the bearing breaks into two subsets, and the value of the Q factor increases to the level of Q = 4, this bearing must be decommissioned immediately.
During the tests, it was stated that the deteriorating condition of the surface of the inner track of the main bearing increases the angular velocity of the retainer. Consequently, the frequency of vibrations of the angular velocity generated towards the transmission of tail rotor increases. For certain level of wear and tear of the inner track of the main bearing of the WR-24 transmission (like the one observed in the negative pattern) the frequency of these vibrations is coming to the frequency of overlapping of the shaft connecting the WR-24 with the drive gear of the pair of gears Z31 and Z70. Such synchronous vibrations may impact the undercutting two opposite gear-teeth in the gear Z31 as a result of a synchronously repeating angular acceleration during its overlapping with the gear Z70. The described process intensifies during wear the gear of the bearing mounting of the gear Z31's axis of the drive box. Then, only one gear-tooth is undercut because the frequencies of overlapping of the pair of gears Z31 and Z70 drop by half. In order to determine, whether the SNA reached a level of destruction classifying it for replacement, the measurement of power generator shaft's splines for the three cross sections was proposed -as soon as the wear and tear in the form of a con is formed, it must be concluded that the leading rollers of the gears Z31 and Z70 have dynamic cross-threads. Due to the replacements of the GT-40PCz6 power generators, similar tests of the technical condition of inner splines of the drive sleeve should be conducted (the splines of the hollow shaft of the gear Z31).
To sum up:
• The diagnostic method FAM-C allows detailed monitoring of multiple mechanic nodes at the same time, and change of the measurement configu-ration from single-phase to the triple-phase one allows the movement of the observability bandwidth of mechanical processes towards higher frequencies (f) p .
• The FAM-C does not require any sensors -their role is played by the onboard power generator.
• Thanks to the FAM-C, it is possible to detect failures and damages quickly.
• Bad technical condition of the WR-24 main transmission, and, in particular, its upper bearing affects the wear rate of the gearbox.
• Replacement of the main bearing in the WR-24 transmission should be associated with replacement of the gearbox co-operating with it.
• In the case of the upper bearing of the WR-24 transmission's replacement for a new one, and the remaining of the worn one (having substantial radial clearances of bearings), the destructive process of the undercutting of the gear Z31 will continue.
• The process of undercutting of one gear Z31 may cause hindrance in maintaining the flight direction: as a result, an undercut gear-tooth may break off, neighbouring ones may be cut, and mechanical power transmission on the tail rotor may be stopped.
• The low-speed rolling bearings supporting the shafts loaded with significant moments of inertia, when they achieve the state of resonance, should be decommissioned at a much lower values of the Q factor (for the Mi-24, the authors proposed a maximum level of Q = 4) than high-speed bearings of turbo-jet engines (Q = 10).
• The pilot exciter of an alternating current generator can detect excessive gear clearances (threatening the safety of the operation of the helicopter) of the gears in the gearbox (SNA).
Bibliography

